Introduction
============

Pancreatic ductal adenocarcinoma (PDAC) has an extremely poor prognosis and a low 5-year overall survival rate of less than 5% in patients due to cancer metastasis and recurrence.[@b1-ott-12-1007] Although surgery is the only potential curative therapy for PDAC, only 10%--20% of patients can be treated with surgery because most of them are diagnosed at advanced metastatic stages, which contributes to the restriction of potential therapeutic methods and the loss of the chance for curative therapy for patients.[@b2-ott-12-1007] Thus, the clarification of the molecular mechanism of distant metastasis in pancreatic cancer is a very critical issue for therapeutics' development.

RACK1, which belongs to a WD40 superfamily of proteins, is a 36 kDa cytosolic protein with a propeller-like structure of seven WD40 repeats which includes the subunit of G-proteins.[@b3-ott-12-1007] RACK1 is a multifaceted scaffolding protein known to be involved in the regulation of signaling events required for neuronal protection. Previous research indicated that RACK1 overexpression is involved in growth and metastasis of lung cancer, pulmonary adenocarcinomas, glioma, breast cancer, esophageal squamous cell carcinoma, colorectal carcinoma, epithelial ovarian cancer, prostate cancer, and hepatocellular carcinoma, etc.[@b4-ott-12-1007] However, Chen et al found that loss of RACK1 promotes metastasis of gastric cancer by inducing an miR-302c/IL-8 signaling loop.[@b5-ott-12-1007] Thus, we speculated that the function of RACK1 in cancer growth and metastasis may be related to cell-type characteristics, and whether it acts as an oncogene or tumor suppressor gene needs to be further addressed. Up until now, there is still inconclusive evidence of the role of RACK1 in pancreatic cancer growth and metastasis.

In view of this, we performed this study to investigate the expression of RACK1 in human pancreatic cancer patient samples, and further elucidated the effect of RACK1 knock-in on pancreatic cancer growth and metastasis in vitro and in vivo, finally exploring the underlying molecular mechanism of RACK1 in pancreatic cancer.

Materials and methods
=====================

Ethics statement
----------------

The use of the tissue specimens in the present study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University, and the patients provided written informed consent (including tissue specimens).

Reagents and antibodies
-----------------------

The recombinant human RACK1 was obtained from the Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Fudan University, Shanghai. RACK1 antibody (B-3), GAPDH, and b-actin antibody were purchased from Santa Cruz Biotechnology Inc., Dallas, TX, USA; b-actin antibody was obtained from Cell Signaling Technology Inc, Danvers, MA, USA. RACK1 shRNA (h) lentiviral particles were purchased from Santa Cruz Biotechnology Inc. Puromycin was purchased from EMD Millipore (Billerica, MA, USA). Matrigel™ Basement Membrane Matrix was obtained from BD (Franklin Lakes, NJ, USA). PcDNA3.1-Myc/His vector was purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). Luciferin-endotoxin Free Luciferin Na was purchased from Promega Corporation, Fitchburg, WI, USA. NF-κB luciferase reporter plasmid was obtained from Genomeditech, Shanghai, China and TK Renilla luciferase plasmid was purchased from Pierce (Thermo Fisher Scientific). Dual-luciferase reporter assay system was obtained from Promega Corporation.

Cell culture and treatment
--------------------------

The human pancreatic cancer cell lines MIAPaca-2, PANC-2, BXPC-3, and Capan-1 were obtained from the American Type Culture Collection and maintained in DMEM and a RPMI-1640 medium supplemented with 10% FBS.

MIAPaca-2, PANC-2, BXPC-3, and Capan-1 cell lines were treated with stable overexpressed RACK1 gene. Crystal-violet test, soft agar colony test, and Boyden Chamber technique were used to examine pancreatic cancer cell lines after overexpression of RACK1. The lentivirus, which was constructed by shRNA interference technique, was used to transfect pancreatic cancer cells to silence the expression of endogenous RACK1 gene. Crystal-violet test, soft agar colony test, and Boyden Chamber technique were applied to evaluate the changes of cell growth, colony formation, invasion, and migration of the pancreatic cancer cell lines after downregulation of RACK1 gene. IκBα plasmids were constructed and used to transfect RACK1-silent MIAPaca-2 cell lines. Rescue experiment was performed using IκBα, a negative regulator of the NF-κB pathway.

Patients and pancreatic cancer tissues
--------------------------------------

A total of 182 PDAC tissue specimens (95 males and 87 females) including pancreatic cancer tissue, para-carcinoma tissue, and clinical and pathological data were collected from patients with PDAC who underwent surgical treatment at Zhongshan Hospital, Fudan University (Shanghai, China) between 2005 and 2012, none of these patients had received chemotherapy prior to the surgery. All of the tissue specimens were routinely fixed in 4% phosphate-buffered neutral formalin and were embedded in paraffin. At least one pathologist, who did not know the stage of the disease, examined the H&E-stained sections to confirm the presence of more than 85% tumor cells. Correlation between RACK1 expression and clinical pathological data was also analyzed.

H&E staining
------------

The paraffin slides from patients' tissue specimens, after being embedded and sectioned, were de-paraffinized in xylene I, II, and III for 15, 10, and 10 minutes, respectively, and dehydrated in 100%, 95%, 85%, and 75% ethanol for 5 minutes, respectively. After that, the sections were stained with H&E, dehydrated in 95%, 85%, and 75% ethanol, cleared in xylene, and finally mounted with Permount Mounting Medium (VWR, Shanghai, China). Morphological changes in the pancreatic cancer and para-carcinoma normal tissues were observed and photographed under a light microscope (200× objective) equipped with a Nikon color digital camera system.

Real time PCR
-------------

Total RNA was extracted from the pancreatic cells by using Trizol reagent according to the manufacturer's instructions. Reverse transcription was conducted with Primescript RT reagent kit. Real time PCR was performed on an ABI 7500 sequence detection system (Applied Biosystems, Thermo Fisher Scientific) using SYBR Premix EX Taq. The amplification conditions were as follows: 95°C, 10 minutes; then followed by 45 cycles (95°C, 10 seconds; 60°C, 10 seconds; 72°C, 15 seconds); finally, 95°C, 15 seconds; 60°C, 1 hour; 95°C, 15 seconds. The relative expression level of related genes was normalized to that of GAPDH in the same sample by using LightCycler Software Version 3.5 (Roche Applied Science, Hoffman-La Roche Ltd., Basel, Switzerland).

Western blot analysis
---------------------

Proteins from cells or tissues were extracted by sonication in CelLytic™ MT mammalian tissue lysis reagent with protease and phosphatase inhibitor cocktails. After the centrifugation at 12,000 rpm for 10 minutes at 4°C, the supernatant of the lysate was collected and the protein concentration was determined by bicinchoninic acid assay. In total, 30 µg of proteins from each sample were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The membranes, after being blocked with 5% skim milk, were incubated with respective primary antibodies against RACK1, N-cadherin, E-cadherin, Twist, Snail, Slug, ZEB1, and GAPDH and, sequentially, secondary antibodies conjugated with HRP (Life Technologies, Thermo Fisher Scientific).

The signal was visualized with a chemiluminescence prime kit (GE Healthcare UK Ltd, Little Chalfont, UK). Relative quantification of the bands was performed by using ImageJ 1.46 r (NIH, Bethesda, MD, USA).

Immunohistochemistry (IHC)
--------------------------

After anesthetization, mice were intracardially perfused with PBS followed by 4% paraformaldehyde in PBS. IHC procedure was performed according to the methods described previously.[@b6-ott-12-1007] Briefly, 5 µm sections were permeabilized and blocked with 10% donkey serum in PBS containing 0.3% Triton X-100 for half an hour. Consequently, they were incubated with primary antibody against RACK1 at 4°C overnight followed by thorough washing with PBS. After incubation with secondary antibody conjugated with HRP, the signal was visualized with diaminobenzidine solution, cell nucleus was stained with hematoxylin and, finally, sealed with neutral resin. The immu-nohistochemical criteria were in accordance with the composite expression score, and the ROC curve was constructed and calculated. After the process, a score of 4 was considered as the cut-off value. The specific data are shown in [Table S1](#SD1-ott-12-1007){ref-type="supplementary-material"}.

Cell growth assay
-----------------

One thousand pancreatic cancer cells with/without stably overexpressing RACK1 and silenced RACK1 were cultured in 12-well culture plates for 14 days. The DMEM was refreshed every other day, and the medium was removed at day 14, then 0.1% crystal violet dye solution was added and left to stain for 5 minutes at room temperature. Finally, the cells were washed with PBS three times to remove the floating color, after that, the cells stained with crystal violet were dried at 37°C and photographed under a light microscope (200× objective) equipped with a Nikon color digital camera system.

Soft agar clone experiment
--------------------------

An amount of 1.5 mL of mixture of serum-supplemented medium and 0.6% agar at 40°C was added to 6-well plates and allowed to solidify (base agar). Next, a mixture of serum supplemented medium and 0.3% agar (total of 1 mL) containing 10^4^ cells at 40°C was added on top of the base layer and allowed to solidify (top agar). Subsequently, the dishes were kept in a tissue culture incubator maintained at 37°C and 5% CO~2~ for 2 or 3 weeks to allow colony growth. All assays were done in triplicate. Colonies were counted and photographed under a microscope (40×), and the colony size was determined by ImageJ software.

Cell migration
--------------

In total, 1×10^5^ cells suspended in 80 µL medium containing 1% FBS, were seeded onto the upper part of the 12-well Boyden chambers coated with collagen (50 mg/mL in 0.02 N acetic acid). FBS (10%) was used as the chemoattractant in the bottom chambers.

After incubation for 8 hours, the non-adhesive cells were removed and the chambers were fixed and stained with eosin for 5 minutes, cells were finally counted and photographed under the microscope.

Invasion assay
--------------

Briefly, 200 µL of pancreatic cancer cells (1×10^6^ cells in serum-free medium) were seeded onto the upper part of the 24-well transwell chambers coated with Matrigel (BD). FBS (10%) was used as the chemoattractant in the bottom chambers. After incubation at 37°C for 24 hours, the non-invaded cells were removed from the top of the transwell membrane with a cotton swab. The invaded cells were fixed with 4% 1-phosphofructaldolase for 10 minutes, followed by incubation with 2% crystal violet staining solution for 15 minutes and finally observed under a microscope.

Conditioned K-RasG 12D knock-in mice
------------------------------------

K-RasG 12D knock-in mice were hybridized with Pdx-Cre to activate RasG 12D gene, thereby inducing tumor-like lesions in pancreatic endothelial cells in K-RasG12D knock-in mice. RACK1 expression in tumor-like lesions and in control normal tissue in mice pancreas was compared at different time stages by real time qPCR, Western blot, and immunohistochemical staining. There were three mice in each of MIAPaca-2/pcDNA3.1 and MIAPaca-2/RACK1 cohorts, and metastatic lesion formation was observed 4 weeks after the infusion.

Experimental metastasis model
-----------------------------

Male BALB/C nude mice (5--6 weeks old) used in this study were maintained under specific pathogen-free conditions, and were manipulated in accordance with the ethical guidelines provided under the protocols approved by the Experimental Animal Care Commission at Fudan University. In addition, the committee approved the experiment. The number of mice was six -- three for each cohort. The mice were randomly assigned to two groups and were injected in the left ventricle with 3×10^6^ fluorescent-labeled cells (MIAPaca-2/pcDNA3.1 or MIAPaca-2/RACK1 cells) to induce cancer metastasis.

Optical in vivo imaging
-----------------------

MIAPaca-2/pcDNA3.1 and MIAPaca-2/RACK1 cells were labeled with luciferase and injected into the left ventricles of the mice. The cells diffused through the whole body of the mice through blood circulation. Optical in vivo imaging was used to determine the influence of RACK1 on the metastasis of the pancreatic cancer cells.

Luciferase activity assay
-------------------------

Pancreatic cancer cells were seeded in a 12-well plate at 1×10^5^ cells/well and cultured overnight. The cells were transiently co-transfected with NF-κB reporter (Genomeditech, Shanghai, China, \[cat\#GM021001\]) and TK Renilla lucifer-ase plasmids (Pierce, Thermo Fisher Scientific \[cat\#85270\]) using Lipofectamine™ 2000. Six hours after transfection, the cells were cultured in fresh culture medium for an additional 24 hours. Finally, cells were washed once with PBS and lysed in 300 µL of 1× passive lysis buffer (Promega Corporation). The lysates were centrifuged at 10,000 rpm for 5 minutes at 4°C. The luciferase activity of the supernatant was detected using a Dual-luciferase reporter assay system (Promega Corporation \[cat\#E1910\]). To avoid the bias of transfection efficiency, final activities were designated as the activity of firefly luciferase normalized to that of Renilla luciferase.

Statistical analysis
--------------------

Difference among groups was analyzed by one-way ANOVA using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA) with Dunnett's multiple comparison test. Meanwhile, Student's unpaired *t*-test was employed to compare the difference between two groups. Difference was considered significant when *P*\<0.05. All data were presented as mean ± SEM.

Results
=======

RACK1 was downregulated in pancreatic cancer tissue
---------------------------------------------------

As shown in [Figure 1](#f1-ott-12-1007){ref-type="fig"}, qPCR, IHC, and Western blot results revealed that RACK1 was expressed at low levels in both pancreatic cancer tissues and para-carcinoma normal pancreatic tissue ([Figure 1A](#f1-ott-12-1007){ref-type="fig"}, [Table S2](#SD2-ott-12-1007){ref-type="supplementary-material"}). The IHC results of RACK1 in pancreatic cancer specimens showed low expression in 54.4% (99/182) and high expression in 45.6% (83/182) cases ([Figure 1B](#f1-ott-12-1007){ref-type="fig"}). Protein expression of RACK1 in different pancreatic cancer cell lines by Western blot assay was demonstrated in [Figure 1C and D](#f1-ott-12-1007){ref-type="fig"}. The Kaplan--Meier analysis also demonstrated that patients with higher expression of RACK had significant worse survival outcome than RACK1 low expression group ([Figure 1E](#f1-ott-12-1007){ref-type="fig"}).

As demonstrated in [Figure 2](#f2-ott-12-1007){ref-type="fig"}, spontaneous pancreatic cancer in mice was induced by breeding K-RasG12D knock-in mice with Pdx-Cre mice. In mice with spontaneous pancreatic cancer, the results of qPCR and IHC indicated that the expression of RACK1 in mice was downregulated in pancreatic cancer tissue, which was consistent with the findings in human pancreatic cancer tissue samples.

Loss of RACK1 in pancreatic cancer cell lines promoted growth, colony formation, invasion, and migration of pancreatic cancer cells
-----------------------------------------------------------------------------------------------------------------------------------

To confirm the effect of RACK1 on the pathological process of pancreatic cancer, we silenced RACK1 to observe the changes of cell growth, colony formation, migration, and invasion of cancer cells. As illustrated in [Figure 3](#f3-ott-12-1007){ref-type="fig"}, we found that down-regulation of RACK1 in pancreatic cancer cell lines signifi-cantly promoted cell growth ([Figure 3B](#f3-ott-12-1007){ref-type="fig"}), colony formation ([Figure 3C](#f3-ott-12-1007){ref-type="fig"}), migration ([Figure 3D](#f3-ott-12-1007){ref-type="fig"}), and invasion ([Figure 3E](#f3-ott-12-1007){ref-type="fig"}).

Overexpression of RACK1 in pancreatic cancer cell lines inhibited growth, colony formation, invasion, and migration
-------------------------------------------------------------------------------------------------------------------

To further confirm the effect of RACK1 expression status in pancreatic cancer, we overexpressed RACK1 to observe the changes in cell growth, colony formation, migration, and invasion of cancer cells. As illustrated in [Figure 4](#f4-ott-12-1007){ref-type="fig"}, we found that downregulation of RACK1 in pancreatic cancer cell lines significantly promoted cell growth, colony formation, migration, and invasion.

Overexpression of RACK1 significantly inhibited the metastasis of MIAPaca-2 pancreatic cancer cell lines in nude mice
---------------------------------------------------------------------------------------------------------------------

As shown in [Figure 5](#f5-ott-12-1007){ref-type="fig"}, the overexpression of RACK1 in MIAPaca-2 and PANC-2 cells could inhibit the cell growth, colony formation, migration, and invasion of pancreatic cancer cells. Meanwhile, overexpression of RACK1 significantly inhibited metastasis in MIAPaca-2 pancreatic cancer cell lines in nude mice.

In order to further confirm the inhibitory effect of RACK1 on pancreatic cancer metastasis, we detected the metastatic ability of overexpression of RACK1 in MIAPaca-2 cells in vivo. Results from optical in vivo imaging indicated that the overexpression of RACK1 in MIAPaca-2 cells showed lower metastatic ability.

RACK1 regulated NF-κB activity and NF-κB pathway
------------------------------------------------

We also found that the overexpression of RACK1 significantly inhibited the reporter activity of NF-κB in both MIAPaca-2 and PANC-2 cells ([Figure 6A](#f6-ott-12-1007){ref-type="fig"}). In RACK1-silent MIAPaca-2 and BXPC-3 cells, the reporter activity of NF-κB was significantly activated ([Figure 6B](#f6-ott-12-1007){ref-type="fig"}).

Both in MIAPaca-2 and PANC-2 cells, overexpression of RACK1 downregulated the protein expression of N-cadherin, Twist, Snail, Slug, and ZEB1, and upregulated expression of E-cadherin ([Figure 6C](#f6-ott-12-1007){ref-type="fig"}). However, in BXPC-3 cells, down-regulation of RACK1 conspicuously enhanced the expression of N-cadherin, Twist, Snail, Slug, and ZEB1, and inhibited E-cadherin expression ([Figure 6D](#f6-ott-12-1007){ref-type="fig"}).

IκBα is an inhibitory molecule for NF-κB activity. To clarify whether RACK1 inhibit tumor through NF-κB pathway on pancreatic cancer, we transfected IκBα overex-pressing plasmid, after RACK1 silencing in MIAPaca-2 cells. The Boyden chambers results revealed that silencing RACK1 significantly promoted migration of MIAPaca-2 cells, which could be reversed by IκBα overexpression ([Figure 6E](#f6-ott-12-1007){ref-type="fig"}). Also, the increased expression of Twist, Snail, Slug, and ZEB induced by silencing RACK1 could be reversed by the overexpression of IκBα ([Figure 6F](#f6-ott-12-1007){ref-type="fig"}).

Low expression of RACK1 in pancreatic cancer was associated with lymph node metastasis, invasion of nervous system, vessel metastasis, and TNM stage
----------------------------------------------------------------------------------------------------------------------------------------------------

The IHC results of RACK1 in pancreatic cancer specimens showed low expression in 54.4% (99/182) and high expression in 45.6% (83/182) cases. RACK1 expression was significantly associated with lymph node metastasis, vessel metastasis, invasion of nerves as well as TNM stage (all *P*\<0.05; [Table 1](#t1-ott-12-1007){ref-type="table"}).

High expression of RACK1 was associated with a better 3-year postoperative survival rate in pancreatic cancer patients
----------------------------------------------------------------------------------------------------------------------

Our analytic results demonstrated that the 1-year, 2-year, and 3-year survival rates of low RACK1 expression group (n=88) were 59.1%, 20.5%, and 11.4%, respectively, and the mean survival time was (78.05±6.98) weeks. Additionally, the 1-year, 2-year, and 3-year survival rates of the high RACK1 expression group (n=81) were 71.3%, 31.3%, and 16.3%, separately, and the mean survival time was (103.71±8.18) weeks. The 3-year survival rate of patients with high RACK1 expression was significantly higher than those patients with low RACK1 expression (*P*=0.020). Furthermore, the 3-year survival rate of T3 and IIA patients with high RACK1 expression was also significantly higher than those patients with low RACK1 expression (*P*\<0.05). The results ([Table 2](#t2-ott-12-1007){ref-type="table"}) of the univariate analysis showed that degree of differentiation of the tumor, TNM stage, invasion of nerve tissue, and RACK1 expression were factors associated with long-term postoperative survival in pancreatic cancer patients.

RACK1 was not an independent risk factor for postoperative survival of patients with pancreatic cancer
------------------------------------------------------------------------------------------------------

According to the results of the multivariate analysis, we found that TNM stage was an independent risk factor for postoperative survival of patients with pancreatic carcinoma, while RACK1 expression was not.

Discussion
==========

Previous studies have found that RACK1 overexpression promoted cancer growth and metastasis in many cancers, while in the present study, we found that RACK1 was down-regulated in pancreatic cancer tissues, and the low expression of RACK1 in pancreatic cancer enhanced cancer growth and metastasis via regulating the NF-κB pathway.

PDAC is the most common type of pancreatic cancer and has the worst prognosis.[@b7-ott-12-1007] Distant metastasis and recurrence are commonly regarded as the leading causes of tumor-specific death in patients with PDAC.[@b8-ott-12-1007] It is reported that the transition from precancerous lesions to pancreatic cancer would take about 17 years, and most of the patients with pancreatic cancer would die in 2--3 years.[@b9-ott-12-1007] The potential molecular mechanism of the pathogenesis of PDAC has not been well-clarified, which has a great impact on the diagnosis and treatment of PDAC in a clinical setting. Through the profiling of gene expression, human protein interaction network, as well as analysis of topological index, we found that RACK1 was described as one of seven critical network nodes with specific properties, which play an important role in the invasion and distant metastasis of pancreatic cancer. RACK1, a framework protein with a special structure, has great importance in pancreatic tumor development, while its expression and function is still contradictory in other kinds of tumors according to different research.[@b10-ott-12-1007] On the one hand, Chen et al[@b11-ott-12-1007] found that loss of RACK1 enhanced gastric cancer metastasis. Additionally, Deng et al proved that RACK1 suppressed gastric tumorigenesis.[@b12-ott-12-1007] On the other hand, there were other kinds of research which demonstrated that RACK1 was found to promote lung cancer cell growth.[@b13-ott-12-1007] Meanwhile, Li et al suggested that the overexpression of RACK1 was associated with tumor growth and poor prognosis of PDAC.[@b14-ott-12-1007] Chauffert et al[@b15-ott-12-1007] conducted a systematic review, which revealed that RACK1 played important roles in nucleating cell signaling hubs, anchoring proteins at specific subcelular locations, as well as regulating protein activity. In view of this, there is still a lot of work to be done to clarify the function of RACK1 expression in tumor development, invasion, and metastasis. In our study, we demonstrated that the expression of RACK1 was lower in both gene and protein levels in pancreatic cancer tissues in comparison with normal para-carcinoma tissues. In addition, our results are probably contradictory to some current findings,[@b8-ott-12-1007],[@b16-ott-12-1007],[@b17-ott-12-1007] however, this is a discussion-worthy problem -- how RACK really affects the prognosis of PDAC patients. Thus, in the future we could consider a larger sample size to elucidate this issue.

Several studies have elucidated that the function of RACK1 was very complex and different in different cancers.[@b18-ott-12-1007] In our study, we used a K-RasG12D knock-in mouse model to simulate pancreatic cancer-like symptoms in order to further confirm the function of RACK1 in metastasis of PDAC, and the results in the mouse model were consistent with the tissues samples from PDAC patients, with lower gene and protein expression of RACK1 in tumors in mice with pancreatic cancer. Moreover, in in vitro assay, we found that RACK1 overexpression conspicuously suppressed cell growth, colony number, migration, and invasion both in MIAPaca-2 and PANC-2 RACK1 overexpressing cells. However, RACK1 silencing significantly promoted cell growth, colony growth, migration, and invasion both in BXPC-3 and MIAPaca-2 RACK1 silenced cells with siRNA RACK1 transfection. Finally, in in vivo assays, our results demonstrated that the overexpression of RACK1 also inhibited the metastasis of pancreatic cancer. These results prove that the downregulation of RACK1 in tumors was involved in pancreatic cancer growth and metastasis.

It is reported that RACK1 could promote angiogenesis via the activation of the PI3K/Akt/Rac1/HIF-1α pathway.[@b19-ott-12-1007] RACK1 regulates integrin-mediated adhesion, protrusion, and chemotactic cell migration via its Src binding site.[@b20-ott-12-1007] Also, it was proved that RACK1 has an association with NHE5 in focal adhesions and also positively regulated transporter activity,[@b21-ott-12-1007] which indicates the important role of RACK1 in cancer metastasis. RACK1 recruits ribosomes and paroxysmal kinesigenic choreoathetosis to be the center components of MAPK and PI3K pathways,[@b22-ott-12-1007] which regulates NF-κB activity. Epithelial-to-mesenchymal transition is generally regarded as the first step of cancer metastasis.[@b23-ott-12-1007] E-cadherin, as a calcium channel transmembrane protein, is often expressed in epithelial cells, and is also the main protein of tight junctions. Low expression of E-cadherin is suggested to reduce the adhesion of malignant tumor cells, and further contributes to increased ability of malignant tumor cells. Slug, Snail, ZEB, and Twist are functionally equivalent as E-cadherin repressors.[@b24-ott-12-1007] Moreover, RACK1 silencing could obviously increase protein expression of E-cadherin, and decrease protein expression of Twist, Snail, Slug, ZEB1, and N-cadherin. It has been shown that N-cadherin, Twist, Snail, Slug, and ZEB are the target genes of NF-κB. In our study, we continued to clarify the molecular mechanism of RACK1 in its involvement in pancreatic cancer growth and metastasis. The results of luciferase reporter gene assay indicated that RACK1 overexpression suppressed NF-κB transactivation activity. On the contrary, RACK1 silencing significantly enhanced NF-κB transactivation activity in PDAC cells. IκBα is a critical inhibitory molecule which regulates NF-κB activity.[@b25-ott-12-1007] When IκBα was transfected into pancreatic cancer cells with RACK1 silencing, the increased migration of pancreatic cancer induced by RACK1 silencing was counteracted, indicating that NF-κB/IκBα pathway was involved in RACK1-mediated suppression of pancreatic cancer growth and metastasis.

Finally, we also analyzed the relation between RACK1 expression and clinical characteristics, such as number of metastatic lymph nodes, vessel metastasis, invasion of nerves, as well as TNM stage and survival rate, our results suggested that low expression of RACK1 in pancreatic cancer was significantly associated with lymph node metastasis, invasion of nervous system, vessel metastasis, and TNM stage (*P*\<0.05). Additionally, low expression of RACK1 was also associated with low 3-year postoperative survival rate in pancreatic cancer patients. However, RACK1 was not an independent risk factor for long-term postoperative survival of patients with pancreatic cancer.

In conclusion, our study provided evidence that the low expression of RACK1 was significantly associated with pancreatic cancer growth and metastasis through activation of the NF-κB/IκBα pathway. Additionally, the low expression of RACK1 was proven to be associated with the clinical characteristics of lymph node metastasis, invasion of nervous system, vessel metastasis, TNM stage, as well as lower 3-year postoperative survival rate. Furthermore, RACK1 was not an independent risk factor for long-term postoperative survival of patients with pancreatic cancer.

Supplementary materials
=======================

###### 

Analysis results from ROC curve

  Value      Cut-off   AUC      Standard error   *P*-value   95% CI                  
  ---------- --------- -------- ---------------- ----------- ----------- ----------- -----------
                                                                                     
  CES3       0--3      4--12    0.582            0.043       0.058       0.498       0.666
  **CES4**   0--4      5--12    **0.604**        **0.042**   **0.016**   **0.522**   **0.687**
  CES5       0--5      6--12    0.589            0.042       0.039       0.507       0.672
  CES6       0--6      7--12    0.566            0.042       0.125       0.483       0.649
  CES7       0--7      8--12    0.552            0.043       0.231       0.468       0.635
  CES8       0--8      9--12    0.508            0.043       0.854       0.424       0.592
  CES9       0--9      10--12   0.504            0.043       0.927       0.420       0.588

**Note:** Values shown in bold indicate the cut-off value with larger AUC value was determined.

**Abbreviation:** CES, composite expression score.

###### 

Composite expression score

                                     Mean ± SD    *t*                                                   *P*-value
  ---------------------------------- ------------ ----------------------------------------------------- -----------
                                                                                                        
  Pancreatic cancer tissue CES       4.58±2.07    −24.526[\*](#tfn4-ott-12-1007){ref-type="table-fn"}   0.000
  Para-carcinoma normal tissue CES   10.12±2.45                                                         

**Notes:**

This result is from Student's *t*-test.

This study was funded by Project of Clinical Medicine and Key Discipline Construction of Shanghai (2017ZZ02007) and Wu Jieping Medical Foundation (320.2710.1806). We thank all the doctors and laboratory staff for their assistance during the process of diagnosis and treatment as well as the basic experiment.
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![RACK1 was downregulated in pancreatic cancer tissues.\
**Notes:** (**A**) Gene expression of RACK1 was downregulated in pancreatic cancer tissues. (**B**) Protein expression of RACK1 was downregulated in pancreatic cancer tissues, as shown by IHC staining. (**C**) Protein expression of RACK1 was downregulated in pancreatic cancer tissues, as shown by WB assay. (**D**) Protein expression of RACK1 in different pancreatic cancer cell lines, as shown by WB assay. (**E**) The relation between RACK1 expression and probability of survival in pancreatic cancer patients.\
**Abbreviations:** C, cancer; Ct, cycle threshold; IHC, immunohistochemistry; N, normal; WB, Western blot.](ott-12-1007Fig1){#f1-ott-12-1007}

![RACK1 was downregulated in mice with spontaneous pancreatic cancer.\
**Notes:** (**A**) HE staining. (**B**) Gene expression of RACK1 was downregulated in pancreatic cancer tissues. (**C**) Protein expression of RACK1 was downregulated in pancreatic cancer tissues as shown by IHC staining (magnification ×20). Values were expressed as mean ± SEM (n=4). Data were analyzed by one-way ANOVA with Dunnett's test. \*\**P*\<0.01 versus normal control group.\
**Abbreviation:** IHC, immunohistochemistry.](ott-12-1007Fig2){#f2-ott-12-1007}

![RACK1 silencing enhanced cell growth, colony formation, migration, and invasion in pancreatic cancer cells.\
**Notes:** (**A**) RACK1 was silenced in BXPC-3 and MIAPaca-2 cells. (**B**) Cell growth was significantly promoted by RACK1 overexpression. (**C**) Colony formation was significantly enhanced by RACK1 overexpression (magnification ×20). (**D**) Migration was significantly increased by RACK1 overexpression (magnification ×20). (**E**) Invasion was significantly enhanced by RACK1 overexpression (magnification ×20). Values were expressed as mean ± SEM (n=3). Data were analyzed by one-way ANOVA with Dunnett's test. \**P*\<0.05, \*\**P*\<0.01 versus control group.](ott-12-1007Fig3){#f3-ott-12-1007}

![RACK1 overexpression inhibited cell growth, colony formation, migration, and invasion in pancreatic cancer cells.\
**Notes:** (**A**) RACK1 was overexpressed in MIAPaca-2 and PANC-2 cells. (**B**) Cell growth was significantly inhibited by RACK1 overexpression. (**C**) Colony formation was significantly inhibited by RACK1 overexpression. Magnification ×20. (**D**) Migration was significantly inhibited by RACK1 overexpression. Magnification ×20. (**E**) Invasion was significantly inhibited by RACK1 overexpression. Magnification ×20. Values were expressed as mean ± SEM (n=4). Data were analyzed by one-way ANOVA with Dunnett's test. \**P*\<0.05, \*\**P*\<0.01 vs pcDNA3.1 group.](ott-12-1007Fig4){#f4-ott-12-1007}

![RACK1 overexpression could significantly decrease metastasis of pancreatic cancer MIAPaca-2 cells.\
**Notes:** (**A**) Photographs of pancreatic cancer metastasis. (**B**) RACK1 overexpression could significantly decrease metastasis of pancreatic cancer MIAPaca-2 cells. Values were expressed as mean ± SEM (n=4). Data were analyzed by one-way ANOVA with Dunnett's test. \*\**P*\<0.01 vs RACK1 group.](ott-12-1007Fig5){#f5-ott-12-1007}

![RACK1 regulated pancreatic cancer metastasis via NF-κB pathway.\
**Notes:** (**A**) Overexpression of RACK1 significantly inhibited the reporter activity of NF-κB in MIAPaca-2 and PANC-2 cells. (**B**) RACK1-silent MIAPaca-2 and BXPC-3 cells had enhanced reporter activity of NF-κB (**C**). Overexpression of RACK1 also inhibited the protein expression of N-cadherin, Twist, Snail, Slug, and ZEB1, and upregulated expression of E-cadherin both in MIAPaca-2 and PANC-2 cells. (**D**) Downregulation of RACK1 significantly enhanced the expression of N-cadherin, Twist, Snail, Slug, and ZEB1, and resulted in downregulation of E-cadherin expression in pancreatic cancer BXPC-3 cell lines. (**E**) IκBα overexpression counteracted the increased migration of MIAPaca-2 cells (magnification ×20). (**F**) IκBα overexpression reversed the increased expression of Twist, Snail, Slug, and ZEB induced by RACK1 silencing. Values were expressed as mean ± SEM (n=3). Data were analyzed by one-way ANOVA with Dunnett's test. \*\**P*\<0.01 vs si con group.](ott-12-1007Fig6){#f6-ott-12-1007}

###### 

The clinical correlation between the clinicopathological characteristics and the expression of RACK1 in pancreatic ductal adenocarcinoma patients

  Characteristics                Patients (n)   The expression of RACK1   *t* or *χ*^2^   *P*-value   
  ------------------------------ -------------- ------------------------- --------------- ----------- -------
                                                                                                      
  Gender                                                                                              
   Male                          95             52 (54.7%)                43 (45.3%)                  
                                                                                          0.009       0.923
   Female                        87             47 (54.0%)                40 (46.0%)                  
  Age                                                                                                 
   Mean ± SD                     --             60.17±10.121              60.55±10.340    -0.251      0.802
   ≤60                           91             50 (54.9%)                41 (45.1%)                  
                                                                                          0.022       0.882
   \>60                          91             49 (53.8%)                42 (46.2%)                  
  Location                                                                                            
   Head                          137            78 (56.9%)                59 (43.1%)                  
                                                                                          1.440       0.230
   Body and tail                 45             21 (46.7%)                24 (53.3%)                  
  Differentiation                                                                                     
   I, II                         84             41 (48.8%)                43 (51.2%)                  
                                                                                          1.962       0.161
   III, IV                       98             58 (59.2%)                40 (40.8%)                  
  Tumor diameter                                                                                      
   Mean ± SD                     --             3.24±1.43                 3.62±2.06       -1.443      0.138
   ≤3 cm                         106            62 (58.5%)                44 (41.5%)                  
                                                                                          1.716       0.190
   \>3 cm                        76             37 (48.7%)                39 (51.3%)                  
  T stage                                                                                             
   T1, T2                        31             14 (45.2%)                17 (54.8%)                  
                                                                                          1.284       0.257
   T3                            151            85 (56.3%)                66 (43.7%)                  
  Vessel metastasis                                                                                   
   Yes                           163            15 (78.9%)                4 (21.1%)                   
                                                                                          5.155       0.028
   No                            19             84 (51.5%)                79 (48.5%)                  
  N stage                                                                                             
   N0                            100            45 (45.0%)                55 (55.0%)                  
                                                                                          7.898       0.005
   N1                            82             54 (65.9%)                28 (34.1%)                  
  Lymph node metastasis number   --             1.38±1.82                 0.73±1.33       2.779       0.006
  Lymph node metastasis (%)      --             0.19±0.24                 0.14±0.25       1.263       0.209
  TNM stage                                                                                           
   IA, IB                        22             9 (40.9%)                 13 (59.1%)                  
   IIA                           75             33 (44.0%)                42 (56.0%)      10.375      0.006
   IIB                           85             57 (67.1%)                28 (32.9%)                  
  Neural invasion                                                                                     
   Yes                           139            84 (60.4%)                55 (39.6%)                  
                                                                                          8.641       0.003
   No                            43             15 (34.9%)                28 (65.1%)                  

**Note:**

Data shown as n, n (%), or mean ± SD; dash indicates not applicable.

###### 

The univariate and multivariate analysis of the pancreatic ductal adenocarcinoma patients

                                       Univariate analysis   Multivariate analysis                          
  ------------------------------------ --------------------- ----------------------- ---------------------- -------
                                                                                                            
  Gender                                                                                                    
   Male vs Female                      0.169                 0.681                                          
  Age                                                                                                       
   ≤60 vs \>60                         0.124                 0.725                                          
  Tumor location                                                                                            
   Head vs body and tail               0.486                 0.487                                          
  Tumor diameter                                                                                            
   ≤3 cm vs \>3 cm                     0.078                 0.781                                          
  T stage                                                                                                   
   T1, T2 vs T3                        0.576                 0.449                                          
  N stage                                                                                                   
   N0 vs N1                            3.352                 0.069                                          
  Vessel invasion                                                                                           
   Yes vs No                           0.294                 0.588                                          
  Differentiation                                                                                           
   I, II vs III, IV                    5.526                 0.020                                          0.102
  TNM stage                                                                                                 
   IA, IB, IIA vs IIB                  4.420                 0.037                   2.486 (1.125--5.494)   0.024
  Neural invasion                                                                                           
   Yes vs No                           4.999                 0.027                                          0.154
  RACK1 expression                                                                                          
   High expression vs low expression   7.389                 0.007                                          0.113

[^1]: These authors contributed equally to this work
